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Introduction
Indium zinc tin oxide (IZTO) thin films have applications as transparent conducting oxide (TCO) materials that serve as the active channel of thin-film transistors (TFTs). This is due to their high performance compared to conventional TFTs based on hydrogenated amorphous silicon (a-Si:H) having high mobility (>10 cm 2 V À1 s
À1
), low gate sub-threshold swing, and high on-off current ratio (>10 6 ) [1] [2] [3] . Both indium tin oxide (ITO) and IZTO thin films have been employed as transparent electrodes for flat panel displays, touch panels, organic light emitting diodes, and solar cells because they satisfy the requirements for applications such as electrical resistivity of $10 À4 V cm and optical transmittance of 85% in the visible light region [4] . In comparison to ITO thin films, IZTO thin films are preferred because of their higher electrical conductivity, higher transparency, moderate chemical stability, higher work function, and low deposition temperature [5] [6] [7] . IZTO is also cost-effective because indium is pricy and doping ZnO into ITO can decrease the use of indium by 60% without deteriorating the electrical and optical properties [8, 9] .
Several studies have attempted to change the electrical, optical, and structural properties of IZTO thin films by using an annealing process and/or varying the composition of Zn and Sn. A recent study reported on IZTO thin films grown by RF magnetron sputtering with two different chemical compositions [10] . In this work, the In content was fixed to 60%, while the Sn content was varied between 15% and 25%. They found that the crystallinity of an IZTO thin film increases with a higher Sn content and exhibited much lower resistivity of 3.44 Â 10 À4 V cm when deposited at 400 C. Saji and Jayaraj [11] made IZTO thin films by a co-sputtering method at room temperature (RT) with different composition ratios of Zn/In/Sn which varied from 0.05/0.56/0.39 to 0.5/0.27/ 0.23 and confirmed that a change in the compositions caused a change in the optical band gap which varied from 3.0 eV to 3.44 eV with increasing Zn content. They also showed that IZTO TFTs with a high performance can be realized at RT.
In this paper, we demonstrate that the electronic and the optical properties can be improved by using a lower content of In in IZTO thin films. We made two different kinds of IZTO samples with In contents of 20% and 13%, which has not been previously reported.
We investigated the effect of different compositions of In/Zn/Sn on the energy band gap and optical properties using reflection electron energy loss spectroscopy (REELS) as well as the TougaardYubero model.
In fact, REELS is a convenient technique to investigate the electronic structure of a material because the low-energy-loss region reflects the structure of the valence and the conduction electron bands [12] . The electronic structure can be obtained by analyzing the energy distribution of electrons reflected from the surface of a solid using a monoenergetic primary electron beam as in REELS [13] .
The most conventional methods to measure the optical properties of transparent thin films are the envelope method using transmittance (or reflectance) spectra and the interferometric analysis method [14, 15] . The interferometric method with two [16] or multiple beam interferometry and prism coupling technique [15] provide precise measurements of optical parameters, but to carry out the measurements complex tools and special experimental skills are needed [14] . On the other hand, the envelope method in transmittance spectra obtained by a UVspectrometer uses a relatively simple procedure which depends on interference fringes. In the envelope method the optical parameters are determined by analysis of the interference fringes from transmittance spectra. However some films do not show interference fringes in the UV-spectroscopic measurement. REELS is an alternative technique to analyze optical parameters of thin films and when it is used in conjunction with the Tougaard-Yubero model (QUEELS-e(k,v)-REELS) it can provide information about the optical parameters of a thin film [13, 17] . This method determines the dielectric function of the film, and from this, the optical parameters such as the refractive index, extinction coefficient, and transmission spectra can be easily determined. The validity of this method has been proven and applied to obtain optical parameters for ultrathin gate oxide films, dielectric materials, and transparent conducting oxides [18, 19] .
In our study, we demonstrated that the energy band gap was changed with lower In contents of 13% and 20%, and the optical properties were analyzed in terms of a single-oscillator method proposed by the Wemple and DiDomenico dispersion relation model [32] .
Experimental
IZTO thin films were deposited on glass substrates at RT in argon mixed with oxygen gas (Ar:O 2 = 15: 85) by RF magnetron sputtering with an RF power of 200 W. IZTO thin films were produced with composition ratios of In:Zn:Sn of 20:50:30 (denoted as IZTO-I), 20:56.7:23.3 (denoted as IZTO-II), and 13:60.2:26.8 (denoted as IZTO-III). The Sn/Zn ratios for IZTO-I, IZTO-II, and IZTO-III films are approximately 0.6, 0.42, and 0.45, respectively. Thus, the Sn/Zn ratios for IZTO-II and IZTO-III films are close to each other and those values are much lower than that of IZTO-I film. The thickness of all the thin films was 35 nm. All IZTO thin films were annealed at 350 C for 1 hour in air. The REELS spectra were obtained using a VG ESCALAB 210 equipment. The REELS spectra were measured with primary electron energies of 1.0, 1.5, and 2.0 keV and the energy distribution of backscattered electrons were measured with a hemispherical electron energy analyzer operated at a constant analyzer pass energy of 20 eV. The electron incident and exit angles from the surface normal were 55 and 0 , respectively. The full width at half maximum (FWHM) of the elastic peak was 0.8 eV. The analysis of the crystal structure was carried out on a Phillips PW-1710Cu-Ka diffractometer (l = 1541 Å) by varying the diffraction angle 2u from 30 to 80 with an increment of 0.009
. The surface morphology including the roughness calculation of the films was performed by atomic force microscopy (AFM) from Nanofocus Inc. system with a scanning area of 2 Â 2 mm 2 . The transmittance spectra of the IZTO thin films were measured by Genesys 6 model from Thermo Electron Corporation in the wavelength range of 300-1000 nm at RT at increments of 0.1 nm. Fig. 1 shows the REELS spectra and UV-spectroscopic results for the IZTO thin films. The results for annealed samples in Fig. 1 were cited in reference [21] . As shown in Fig. 1 (a) , the plasmon loss peaks of IZTO-I, IZTO-II, and IZTO-III are located at around 20 eV. The REELS spectra were used to estimate the energy band gaps of the IZTO thin films by a method described in our previous work [18, 19] . The results are summarized in Table 1 showing that the measured band gaps of the IZTO-I, IZTO-II, and IZTO-III thin films before annealing are 3.36, 3.20, and 3.15 eV, respectively, within an uncertainty of AE0.1 eV. The band gap was abruptly increased after annealing at 350 C in air to 3.54, 3.42, and 3.31 eV for IZTO-I, IZTO-II, and IZTO-III thin films, respectively. For comparison, the band gap was also determined from the UV spectroscopic measurements by using the Tauc relation [20] (which is valid only for amorphous thin films). The optical band gaps were calculated on the basis of the optical spectral absorption [20] , and they can be determined by extrapolating the best fit line between (ahy) 2 and hy, where a, h, and y are the absorption coefficient, the Planck's constant (6.626 Â 10 À34 m 2 kg/s), and the frequency of incident photons, respectively. As shown in Fig. 1 (b) , the optical band gaps of the unannealed IZTO-I, IZTO-II and IZTO-III thin films were 3.35, 3.27, and 3.17 eV, respectively, and these increased to 3.57, 3.41, and 3.37 eV after annealing. The measured optical band gaps are consistent with the band gap values determined by analyzing the REELS spectra. Details about the band gap of IZTO films can be found in Ref. [21] . As can be seen in the Fig. 2 (a) , all IZTO thin films show amorphous structure even for annealed films at 350 C in air. Hence, the change of the band gap due to the annealing process cannot be related to the phase transition from amorphous to crystalline. The change in the band gap can possibly be explained by the Burstein-Moss (BM) effect [22] , which describes a shift of the band gap due to much higher electron density and an increase in the filling states of the conduction band in the IZTO films. Therefore, the Fermi level moves up towards the conduction band, which leads to a shift in the energy band.
Results and discussions
In order to investigate the optical properties of IZTO thin films, we used the envelope method for the transmission spectra from UV spectroscopic measurements and in this way the value of refractive index was calculated. Another approach to examine the optical properties was to use REELS spectra by which the optical parameters such as dielectric function, refractive index, and transmission can be determined.
In addition, we adopted another model known as Wemple and DiDomenico dispersion relation model [32] to get a complete understanding of the optical properties of the IZTO thin films. Using this method, the dispersion parameters, static refractive index, static dielectric constant, plasma oscillator energy, and the ratio of the carrier concentration to the effective mass can be obtained, which have not been reported so far in detail. Fig. 3(a) shows the spectral transmittance of IZTO thin films deposited onto the glass substrate for unannealed and annealed films in the wavelength ranging from 300 to 1000 nm. The average transmittance of all IZTO thin films in the visible light region exceeds 87% transparency. Hence, there was no significant difference in transmittance with different Sn/Zn ratios, In contents, and the annealing process. At wavelengths below 300-400 nm, the transmission spectra show a sudden decrease due to the absorption caused by band to band electron excitations. As shown in Fig. 3(a) , the interference fringes in the transmittance spectra were found in the IZTO-I and IZTO-III films, but not in the IZTO-II films. Manifacier et al. [23] , and Swanepoel [24] reported that interference fringes in the transmission spectra of a thin film on a transparent substrate can give information about the optical parameters using the envelope method. Swanepoel [24] showed that interference fringes were related to the uniformity of thickness of the films. The interference effects will be destroyed and the transmission will show a smooth shape when the thickness roughness is not uniform or slightly tapered. On the other hand, the interference fringe effects give rise to the transmission spectra when the thickness is uniform [25] . The uniformity of thickness in thin films is strongly related to the homogeneity of surface morphology and surface roughness. C (the figures were not shown). The results show that the surface roughness of IZTO-II before and after annealing was much higher than those of IZTO-I and IZTO-III films. This indicates that the reduction of interference fringes in the transmittance spectra of IZTO-II films is related to the higher surface roughness of these films.
We used these interference fringes to calculate the optical parameters of IZTO-I and IZTO-III films. The refractive index of the films was obtained by a simple method suggested by Swanepoel [24] . This method allows the calculations of the refractive index by using the maximum and the minimum envelope of the interference fringes in the transmission spectra beyond the absorption edge as follows [24] :
and
where S is the refractive index of the glass substrate. T min and T max are the values of the envelope at the maximum and minimum transmittance, respectively, which can be obtained directly from the transmission spectra. Thus, the determined refractive indices We applied an analytical dispersion equation for the IZTO-I thin films to determine the refractive index which depended on the wavelength as described in Ref. [25] . Fig. 3(b)-(c) show the refractive index as a function of wavelength for IZTO-I films. The refractive index decreases with increasing wavelength. This result indicates that the films show a normal dispersion behavior. A similar behavior was found in IZTO-III films (which are not shown here). However, this method is not reliable to calculate the optical parameters since it needs interference fringes for analysis and not all films show interference fringes. Therefore, we employed another method, which used REELS spectra in conjunction with Tougaard-Yubero model. This analysis can give us direct information about the optical parameters of a material using the dielectric function and can be used for any materials with different surface roughness since it does not rely on interference fringes in the transmission spectra. Fig. 3(b)-(d) show a comparison between n values (for IZTO-I films) and the transmission spectra (for IZTO-II films) as a function of wavelength obtained by REELS spectra and UV spectrometric data. The results show that the REELS data agree with the UV spectrometric data.
The REELS spectra were calculated using the model of Tougaard-Yubero QUEELS-e(k,v)-REELS software package [13] to obtain the optical parameters of IZTO thin films. This model involves the removal of the contribution from the multiple scattered electrons from the REELS spectra determining an effective single-scattering cross section value, K exp ( hv), times the corresponding inelastic mean free path l, in the form of lK exp ( hv) [26] . The next step is to investigate the energy loss processes for the backscattered electrons which have followed different paths in the film. These energy loss processes are studied within a semi-classical dielectric response model which takes into account the variation in energy loss in the surface region. The energy loss processes were also considered, which take place when the low primary electron energies moves in the vacuum above the surface due to its interaction with its image charge [13, 26, 27] . Such processes are very important at the low primary electron energies applied here. The basic principle in this model is then to interpret the effective cross section derived experimentally in terms of the dielectric function e(k,v), which we parameterized by expanding the energy loss function (ELF) Im(-1/e) in terms of Drude-Lindhard type oscillators [28] :
in which the dispersion relation is given in the form:
where A i , g i , hv i , and a i are the oscillator strength, the damping coefficient, the excitation energy, and the momentum dispersion coefficient of the i th oscillator, respectively while £k is the momentum transferred from the REELS electron to the solid.
The step function u ( hv-E g ) is included to simulate a possible band gap E g , which can be estimated from the onset of the energy loss in the REELS spectrum (see Fig. 1(a) ). The details of the simulated oscillators in this model were described in our previous study [13, 19] . The oscillator strengths are adjusted to make sure that e(k,v) fulfils the well-established Kramer-Kronig sum rule [16, 29, 30 ]:
Im 1 e hv dð hvÞ
Note that n is the index of refraction in the static limit, and the exact value of n does not affect the result of the calculation significantly. Table 1. in the electronic structure of IZTO thin films. annealing and increased to 6.0, 5.5 and 5.6 eV after annealing at 350 C for IZTO-I, IZTO-II, and IZTO-III, respectively. This result implies that dielectric function resulted from a lower Sn content is smaller than that from a higher Sn content in the IZTO thin films. There is no change in the dielectric constant of IZTO-II and IZTO-III before and after annealing. Thus, the dielectric constants are independent of the amount of In contents in IZTO thin films.
The refractive indexn and extinction coefficientk are determined from the dielectric function by using the following relations [31] :
As shown in Fig. 6 , the refractive index of IZTO thin films decreased with increasing wavelength.
The dispersion of the refractive index in terms of the energy dependence of amorphous IZTO thin films using REELS results can be fitted by a single-effective oscillator model. This method was suggested by the Wemple and DiDomenico dispersion relation model and can be expressed in the form [32, 33] :
where E 0 , E d , and E are the single-oscillator energy, dispersion energy (oscillator strength), and incident photon energy, respectively. Note that the dispersion energy (E d ) is related to the average strength of the inter-band optical transitions. In order to obtain E o and E d , we plotted (n 2 À 1) À1 against E 2 and fitted the data with a straight line. Fig. 7(a) shows a plot of (n 2 À 1) À1 versus E 2 for IZTO thin films with differing In content and In/Zn/Sn ratios for both before and after annealing. The values of E 0 and E d can be estimated from the slope of (E 0 E d ) À1 and the intercept on the y-axis (E 0 /E d ),
respectively, and the results are listed in Table 2 . The singleoscillator energy (E 0 ) has been reported as an empirical relationship with the direct band gap by E 0 % 1.9 E g [34, 35] . This relationship is consistent with our results obtained from the single-oscillator model based on REELS data for all IZTO thin films (E 0 % 1.8 E g ). Table 2 shows that the values of E 0 and E d for IZTO thin films are close to those of ZnO and SnO 2 , respectively, which can be found elsewhere [36, 37] . Note that the band gap of ZnO is much smaller than those of SnO 2 and In 2 O 3 [38] [39] [40] . According to Wemple and Didomenico, the value of the oscillator energy is related to the lowest direct band gap [32] . Hence, the value of oscillator energy of IZTO decreased with increasing Sn/Zn ratios in comparison to IZTO-I and IZTO-II films. The results, as shown in Table 2 , indicate that the oscillator energy E 0 is strongly influenced by the Zn content. However, the small differences in the oscillator energy E 0 between unannealed and annealed films of IZTO-II and IZTO-III show that the E 0 is not significantly affected by the In contents. On the other hand, the dependency of dispersion energy E d on coordination number and chemical valence suggest that the nearest-neighbor atom-like quantities strongly affect the optical properties of TCO materials [32, 34] . Wemple and DiDomenico reported the following relation between E d and the physical parameters [35] :
where N c is the number of nearest neighbor cations to the anion, Z a is the formal chemical valence of the anion, and N e is the effective number of electrons per single anion. Wemple and DiDemenico [32] reported that the parameter b is a constant having two different values of 0.26 AE 0.04 eV and 0.37 AE 0.05 eV for an ionic oxide compound and a covalent crystal, respectively. The value of for IZTO thin films with different In contents and Sn/Zn ratios are tabulated in Table 2 . From these values it is apparent that for the IZTO films the b values are within the range known for ionic oxides. According to Eq. (9), the dispersion energy E d is related to the value of N c , N e , and Z a . The values of N e and Z a were fixed for IZTO thin films. Therefore, the decrease in the dispersion energy with increasing Zn contents in IZTO thin films is attributed to a decrease in coordination number. The static refractive index (n 0 ) can be obtained by extrapolating the Wemple and DiDomenico dispersion relation as follows [32] :
The values of the zero -frequency dielectric constant (static dielectric constant), e 0 ¼ n 2 0 were calculated. We found that there is no significant difference between the static refractive index and the zero frequency dielectric constant with different In contents and Sn/Zn ratios. The value of n 0 calculated by this method is approximately 2.2 for all IZTO films. This value is in good agreement with the values obtained from the optical transmission data of UV-spectrometer by the Swanepoel method. Similarly, the values of the static dielectric constant from this method (e 0 % 5) are 
Table 2
The optical parameters for IZTO thin films with different In content and Sn/Zn ratios estimated by quantitative analysis of reflection energy loss spectroscopy. [38] , [39] , and [40] , respectively. consistent with the values estimated by REELS data (see Fig. 5 (b) at zero energy loss). The values of static refractive indices and zero frequency dielectric constant estimated by Wemple-DiDomenico dispersion relation is given in Table 2 .
The relation between the lattice dielectric constant e L and refractive index n is given by [41] :
where e L , e, N/m* are the lattice dielectric constant, elementary charge, and ratio of carrier concentration to the effective mass, respectively. Plots of n 2 versus l 2 of IZTO thin films are shown in Fig. 7(b) . The values of e L and N/m* listed in Table 2 Furthermore, the band gap parameter E a introduced by Hopfield [43] was calculated to get a better understanding of the optical properties. This parameter gives the connection between a singleoscillator parameter and the Philips parameters in the following expression [44] :
The calculated band gap parameter E a and the plasma oscillator energy hv p for IZTO thin films with different In contents and Sn/Zn ratios are shown in Table 2 . Notice that the plasma oscillation frequency (v p ) is the natural frequency for the free conduction electron due to vibrations which can be observed experimentally. In the REELS experiment, any electrons passing through a solid with a sufficient energy can excite one or other modes of the collective oscillations of conduction electrons. From Table 2 , we can see that the optical values of the plasmon energy hv p calculated using the Hopfield method are close to the first plasmon peak from the REELS. Hence, the method using a single-oscillator analysis can be employed only for the first plasmon peak calculations in the REELS experiment.
From the dispersion of the refractive index n, one can determine the average interband oscillator wavelength (l 0 ) and the average oscillator strength (S 0 ) for all films with differing In contents and Sn/Zn ratios (both before and after annealing) using a single Sellmeier oscillator in the following [44] :
The curves of (n 2 À 1)
À1 against l À2 are plotted in Fig. 8(a) Table 2 . Another method given by E 0 ¼ hc=ql 0 (h is Plank's constant, c the light velocity, and q the charge of the electron) and E d ¼ E 0 S 0 l 2 0 was used to confirm the value of S 0 and l 0 [45] . It is found that the results are consistent with each other (the values are not shown). In Table 2 , we can see that S 0 increases with increasing Sn and In contents in the IZTO thin films. In addition, the obtained values of l 0 and S 0 are in the same order as those obtained by Wemple and Didemenico for a number of materials [32] .
In our work, we also determined the calculated transmission coefficient T from the relation R + T + m = 1, where R is the reflection coefficient given by the relation [31] :
andm is the absorption coefficient related to the extinction coefficient k as follows:
where hv is the energy loss. Fig.8(b) shows the calculated transmittances as a function of wavelength for IZTO thin films. In the visible light region, the transmittance coefficients are approximately 87% for all films without a change due to the Zn contents and annealing treatment. We measured the spectral transmittances of all IZTO thin films using a UV-Spectrometer with the wavelength ranging from 300 to 1000 nm to compare with the calculated transmittances from REELS as shown in Fig. 3(a) . As shown in Fig. 8(b) , no interference fringes were observed in the calculated transmittances spectra from REELS. The REELS is a surface sensitive tool and only experiences the local investigation of the optical properties in the topmost few monolayers of the film. Hence, the REELS results do not depend on the roughness of the films. The interference fringes in the UV-spectrometer are not present in the REELS results. Overall, the values of the transmission coefficient are consistent for both methods: for data calculated from REELS spectra and for data obtained using a UV-Spectrometer.
Conclusion
The electronic properties and optical parameters of IZTO thin films were investigated by REELS. We found that the band gap of IZTO thin films increased with increasing Sn/Zn ratios in the films and increased after annealing at 350 C in air. Furthermore, the band gap increased with increasing In contents. The optical constants were obtained from the measured transmittance spectra using the envelope method. In addition, the dispersion behavior and the oscillator parameters obtained from the REELS data were determined using a single-oscillator of Wemple-DiDomenico model. The results of this study indicate that the Zn and Sn contents play a crucial role in determining the single-oscillator constant and dispersion energy of IZTO thin films. The electronic properties were improved by a lower content of In in IZTO thin films, and different In/Zn/Sn compositions had no effect on the optical transmittance of IZTO thin films.
